The information on the responses to simple recurrent selection for yield and total carotenoid content in orange waxy corn is lacking. The objectives were to evaluate the responses to simple recurrent selection for two cycles for yield and carotenoids of orange waxy corn population and to investigate the correlations between color parameter with carotenoids in waxy corn kernels. Parental sources of germplasm with differences in kernel colors and levels of disease resistance were used for generation of a base population of orange waxy corn. A simple recurrent selection for superior phenotypes was practiced on this population for two selection cycles. Cycle 0 (C0), C1 and C2 were evaluated for two locations in 2016. The cycles showed significant differences for most traits except for plant height. The locations contributed to large portions of total variation in total yield, whereas selection cycle contributed to large portions of total variations in lutein, zeaxanthin, β-carotene and total carotenoid content and color parameter (h o ), indicating that selection for carotenoids would be possible. Simple recurrent selection for two cycles increased total yield and husked ear weight of 23.2% and 15.0%, respectively. Simple recurrent selection for two cycles also increased lutein, zeaxanthin, β-carotene and total carotenoid content with increasing percentages ranging from 18.5 to 196.6%. The results indicated that population improvement by simple recurrent selection could be useful in increasing these traits. Color parameter at immature stage and dry stage was negatively and significantly correlated with lutein, zeaxanthin, β-carotene and total carotenoid content, indicating that color parameter can be used as an indirect selection criterion for these traits.
Introduction
Waxy corn is an important vegetable crop in Asian countries. It is consumed as boiled or streamed vegetable and popular among people in these countries because of its eating quality due to glutinous starch in endosperm characterized by high amylopectin. The colors of waxy corn kernels can be white, white-cream, yellow, purple and black. The waxy corn kernels with different colors have shown varying carotenoids, anthocyanins, phenolics and antioxidant activities (Hu and Xu, 2011; Khampas et al., 2013; Harakotr et al., 2015; Simla et al., 2016) . However, commercial varieties with white or white-cream kernel colors are more popular than those with other colors. In contrast to waxy corn, field corn with yellow or orange endosperm has been recognized as the major source of carotenoids (provitamin A) (Ibrahim and Juvik, 2009; Yang and Zhai, 2010; Žilić et al., 2012; Hwang et al., 2016) . Moreover, sweet corn is also a major source of lutein, zeaxanthin and other carotenoids (Hart and Scott, 1995; Scott and Eldridge, 2005) .
Carotenoids are red, yellow and orange plant pigments that can be classified into xanthophylls (lutein, zeaxanthin, and β-cryptoxanthin) and carotene (β-carotene, and α-carotene). Carotenoids are antioxidants that are beneficial to human health (Palozza and Krinsky, 1992) by maintaining eye health (Ma and Lin, 2010) and reducing the risk of cancer (Andlauer and Furst, 1999) , diabetes (Zhang et al., 1992) and atherosclerosis (Dwyer et al., 2001) . Lutein and zeaxanthin are major carotenoids found in corn kernels (Berardo et al., 2004; Egesel et al., 2003) and known as biologically-active substances of natural origin that prevent age-related macular degeneration (Bone and Landrum, 1992; Snodderly, 1995; McDermott, 2000; Mozaffarieh et al., 2003; Mares et al., 2006) . Improvement of carotenoids in waxy corn kernels would add more beneficial values to waxy corn as these phytochemicals are useful to human health. However, the progress of waxy corn breeding for high carotenoids may depend on genetic variation for these traits and appropriate selection methods.
The heritability values for provitamin A carotenoids in field corn were moderate to high, indicating that selection for carotenoids can be effective in early generations (Suwarno et al., 2014) and improvement of this trait by recurrent selection is possible (Senete et al., 2011) . In temperate corn, genotype by environment interaction for carotenoids was not significant (Quakenbush et al., 1966) . Provitamin A carotenoids, lutein and zeaxanthin can be increased by using S1 recurrent selection in three diverse maize populations and increases in these phytochemicals were associated with the increase in grain yield in one population and the reduction in grain yield in two populations (Dhliwayo et al., 2014) . However, the information on genetic or population improvement of waxy corn for high carotenoids has been limited. Furthermore, improvement of carotenoids in endosperm of waxy corn requires the effective screening techniques. High performance liquid chromatography (HPLC) is commonly used for determination of carotenoids because the method provides the accurate results. Although the method is accurate, it is time-consuming, expensive and not practical in routine work of breeding programs for selecting high carotenoid progenies from the large populations. Color parameters have been suggested as an alternative selection method for high carotenoids (Mcguire, 1992; Hyman et al., 2004; Kljak and Grbe, 2014) and anthocyanin (Harakotr et al., 2015) in kernels in large corn populations. Although the method is simpler than other methods, it is not reliable for selection of high provitamin A in corn (Muthusamy et al., 2015) . The information on the relationship between color parameters and carotenoids in waxy corn population is still lacking. The objectives of this study were to evaluate the improved populations of waxy corn that were subjected to two cycles of simple recurrent selection for yields, lutein, zeaxanthin, β-carotene and total carotenoids and to investigate the correlations between color parameters and carotenoids in waxy corn kernels at two growth stages. The information obtained in this study will be useful for waxy corn breeding to increase carotenoids, and the improved populations can be used as germplasm sources for developing new elite parental lines and hybrid varieties.
Results and Discussion

Effect of location, cycle and their interactions
Locations (L) were significantly different for most characters except for days to anthesis, lutein+zeaxanthin+β-carotene and color parameter (h o ) (Table 1 ). Significant differences among cycles (C) were found for most characters except for plant height. Cycle × location interactions (CL) were not significant for total yield, husked ear weight, ear length, ear diameter, plant height and h o . Location had moderate to large contribution to total yield (77.8%), husked ear weight (53.4%), ear length (66.5%), ear diameter (37.1%) and plant height (93.6%) ( Table 1) . Soil parameters may not be the cause of differences because soil management practices were optimum in both locations. Variations due to location might be caused by differences in air temperatures between the locations. Khon Kaen location had lower average temperature (24.5 C o ) than Uthai Thani (27.1 C o ). In previous investigations, high temperature reduced the duration of growth, whole plant dry matter and grain yield of maize despite high levels of radiation (Badu-Apraku et al., 1983; Muchow et al., 1989) . The contributions to variations due to location were small for lutein (15.5%), zeaxanthin (9.7%), β-carotene (10.6%) and total carotenoids (3.6%) ( Table 1) . In previous study, variations in lutein, zeaxanthin, β-carotene, β-cryptoxanthin, α-carotene and total pro-vitamin A content due to genotype were higher than those due to genotype by location interaction (Menkir et al., 2008) . The results in this study were in agreement with those in previous study. In addition, Menkir and Maziya-Dixon (2004) reported that β-carotene was more strongly influenced by genotype than by environment but grain yield and other agronomic traits were influenced by both genotype and environment. Low environmental effect on these traits indicates that the traits are stable across environments and evaluation under few environments is sufficient to identify superior genotypes. The contributions to variations due to selection cycle were low to moderate for yield, yield components and agronomic traits, ranging from 0.2 to 47.4% (Table 1 ), but they were moderate to high for lutein, zeaxanthin, β-carotene and total carotenoids, indicating that response to simple recurrent selection for carotenoids was higher than for other traits.
Further selection for more cycles should increase carotenoids. The contributions to variations due to CL interaction were low to moderate for carotenoids, ranging from 8.5 to 26.4% (Table 1 ). In tropical field corn, the contribution to variation in carotenoids by genotype by environment interaction was small (Menkir et al., 2008) . In temperate field corn, genotype by environment interaction had low effect on carotenoids (Quakenbush et al., 1966) . The results in this study support previous findings and also add new information for waxy corn. The results indicated that evaluation in few major target areas would be sufficient to identify superior genotypes with high carotenoids.
Recurrent selection
Recurrent selection is an important breeding method and an alternative breeding strategy to improve the populations of crop plants mainly in cross-pollinated species (Vasal et al., 2004) . This selection method can accumulate desirable genes or target phenotypes and promote recombination to create new allelic combinations for genetic improvement within the population (Sprague and Eberhart, 1977; Hallauer et al., 1988) . Moreover, recurrent selection method can be used to improve germplasm sources, develop openpollinated varieties (OPV) and extract inbred lines for hybrid development. In maize, recurrent selection can be used to improve yield, provitamin A carotenoids, lutein, zeaxanthin (Dhliwayo et al., 2014) , oil content, grain physical properties (Preciado-Ortiz et al., 2013) , resistance to European corn borer and Diplodia (Diplodia maydis [Berkeley] Saccardo) stalk rot (Nyhus et al., 1988) , resistance to downy mildew (DM) infection (Ajala et al., 2003) , resistance to Fusarium ear rot and resistance to lodging (Horne et al., 2016) . In waxy corn, modified mass selection has been used for improvement of prolificacy (Kesornkeaw et al., 2009 ), ear length (Senamontry et al., 2013) yield and maturity (Hussanun et al., 2014) . Modified mass selection has been used for improvement of qualitative traits as selection is based on female plants. In this study, simple recurrent selection successfully improved total yield (23.2%), husked ear weight(15.0%), ear length (7.2%), ear diameter (7.3%) and days to anthesis (3.9%) ( Table 2 ). The results indicated that simple recurrent selection is suitable for improving these traits in waxy corn. In previous study, yield and carotenoids could be improved simultaneously by S1 recurrent selection (Dhliwayo et al., 2014) . The method is achieved by self-pollination of selected plants and S1 seeds are combined for the next generation. In this study; however, percent increases in carotenoids were much higher than in yield, indicating the best response to selection for this trait. Although simple recurrent selection could improve yield, the yield of improved population was still lower than those of the check varieties, and the improved population had shorter plants than did the check varieties. The differences between the improved population and hybrid checks would be due to the types of varieties. Simple recurrent selection based on visual observation of the traits (without complex laboratory) could improve lutein, zeaxanthin, β-carotene, lutein+zeaxanthin+β-carotene and total carotenoids at most locations except for total carotenoids at Khon Kaen location, but it significantly reduced color parameter (h o ) ( Table 3) . Cycle 2 had the highest lutein, zeaxanthin, β-carotene, lutein+zeaxanthin+β-carotene and total carotenoids at most locations except for zeaxanthin at Khon Kaen location, in which cycle 1 was highest. The positive responses would be due to sufficient genetic variations in pro-vitamin A, carotenoids (Suwarno et al., 2014; Senete et al., 2011) , lutein, zeaxanthin and β-carotene (Muthusamy et al., 2016) . Recurrent selection could increase carotenoids in maize (Senete et al., 2011) . Genetic control of carotenoids may not be so complex, and improvement of this trait through simple recurrent selection can be successful at early cycles of selection. The improved population from simple recurrent selection for two cycles had higher lutein, β-carotene and total carotenoids than sweet corn variety (Su75), and improved population and Su75 had similar zeaxanthin. Field corn (PAC339) at Knon Kaen location had higher zeaxanthin and total carotenoids content than the improved population. However, the improved population had higher lutein, β-carotene than field corn. Although the improved population of waxy corn was not higher than the check varieties for carotenoids, white waxy can be converted to yellow waxy corn with high carotenoids by recombination followed by few cycles of simple recurrent selection.
Relationship between color parameter and carotenoids
The simple, rapid and inexpensive techniques for selection of high carotenoids in corn populations are required for effective breeding programs. In general, color parameter (h o ) was negatively and significantly correlated with LT, Z, B, LT+Z+B and TC at immature stage and the correlation coefficients ranged from -0.73 to -0.88 at P ≤ 0.01 (Table 4) . Likewise, h O at dry stage was also negatively correlated with lutein (-0.66**), zeaxanthin (-0.94**), β-carotene (-0.43*), lutein+zeaxanthin+β-carotene (-0.80**) and total carotenoids (-0.59**). In other works, color parameter was negatively correlated with carotenoid content in field corn (Mcguire, 1992; Hyman et al., 2004; Kljak and Grbe, 2014) , anthocyanins in waxy corn (Harakotr et al., 2015) , total phenolics, carotenoids and flavonoids and antioxidant activity in wheat (Ma et al., 2014) . Selection against color parameters in this waxy corn population would result in the increase in carotenoid content and the method can be used for screening of corn populations with a large number of plants. The negative association of these characters would be possibly due to high color parameter of waxy corn parent and low color parameter of corn parents of carotenoid source.
Selection for high carotenoids in waxy corn has been carried out at mature stage, but waxy corn is mostly utilized as a vegetable at immature stage. The information on the correlation between carotenoids at immature stage and color parameter at mature stage would be useful for waxy corn breeding for high carotenoids because color parameter will be used as a non-destructive surrogate trait for carotenoids. In this study, most correlation coefficients among lutein, zeaxanthin, β-carotene, lutein+zeaxanthin+β-carotene and total carotenoids at immature stage were positive and significant, ranging from 0.67 to 0.94 at P ≤ 0.01 except for the correlation coefficients between zeaxanthin and lutein and between zeaxanthin and β-carotene. In previous studies in field maize, zeaxanthin was positively and significantly correlated with lutein (Muthusamy et al., 2015; Muthusamy et al., 2016) . Different genetic materials might express the different correlations among these traits. In general, the results in this study supported that selection for high total carotenoid content resulted in the increases in lutein, zeaxanthin and β-carotene in waxy corn.
Materials and methods
Plant materials
One corn population and four corn hybrids with differences in types of corn (waxy corn, sweet corn and field corn), kernel colors (orange, yellow and purple) and disease resistant levels (downy mildew, rust and northern corn leaf blight) were used for improvement of a base population of waxy corn (Table 5) . KND is a waxy corn population with purple kernel or high anthocyanins from Khon Kaen University, Thailand. Ki56, NS3 and NSX 042202 are field corn hybrids with high carotenoids and pest resistance from the National Research Centre of Sorghum and Corn and the Nakhon Sawan Field Crops Research Center, Thailand. Hibrix53 is a sweet corn hybrid with resistance to Northern Corn Leaf Blight disease from Pacific Seed Company, Thailand.
Development of base population and population improvement
KND was used as a female parent for crosses with Ki56, NS3, NSX042202 and Hibrix53, and it was also used as male parent for reciprocals in 2012. Therefore, there were four crosses and four reciprocals altogether. The crosses and reciprocals were combined to form a base population by random mating for two seasons without selection in 2013 and 2014. The new population was ready for population improvement through simple recurrent selection. Simple recurrent selection was carried out for four seasons in 2014 to 2016. There were two seasons for each cycle consisting of selection of best plants and random mating of selected seeds to form a new cycle. Selection for two cycles was completed in a breeding nursery at the Vegetable Farm, Faculty of Agriculture, Khon Kaen University, Thailand. For the first season, the selected plants for good stand ability, stay green and disease free were self-pollinated by hand. The plants (10%) were harvested and the seeds from long ears with good husk cover, short to moderate anthesis, waxy kernels and orange or deep yellow kernels were bulked and planted in the next season (C0S1 seed). For the second season, C0S1 was crossed within population to generate cycle1 or C1 population. The second cycle was completed in 2016 and three populations including initial population (C0), and two improved populations (C1 and C2) were available for evaluation.
Field evaluation
C0, improved populations (C1 and C2), one commercial variety of field corn (Pacific339) and one variety of super sweet corn (Sugar75) were evaluated in a randomized complete block design with four replications at two locations in Thailand (Khon Kaen; KK and Uthai Thani; UT) in the rainy season 2016 (May to September 2016). The soil at Khon Kaen location (16°28'11.24" N 102°48'49.46 E; 200 msl) was sandy, low in pH (6.4) and low in organic matter (0.7%), whereas the soil at Uthai Thani location (15°22'57.77" N E 100° 4'42.54" E; 20 msl) was loamy sand, low in pH (5.5) and low in organic matter (1.4%). Both locations had similar rainfall and solar radiation at vegetative period (0-60 days), but Khon Kaen location had lower averaged temperature (24.1 C o ) than did Uthai Thani location (27.5 C o ). Each plot consisted of 6 rows with 5 m long and a spacing of 0.8 m between rows and 0.25 m between plants within rows. Soil preparation, planting and other agronomic practices were carried out according to the recommendations for commercial production of corn in Thailand (Department of Agriculture, 2004). Sib-pollination was done for each population to prevent contamination from the other populations. Data were recorded for yield, yield components and agronomic traits.
Sample preparation
Five husked ears were collected in each plot at milky stage (20 days after anthesis) for chemical analysis. Kernel samples were removed from the cobs by a sharp knife, put in sealable plastic bags, and stored in liquid nitrogen at -20 o C until analysis. Five husked ears were also collected in each plot at physiological maturity stage (30 days after anthesis) and the ear samples were oven-dried at 40 o C. The kernel samples were removed from the cobs by hands, milled into fine powder by an electric grinder and stored at -20 o C until analysis.
Sample extraction and determination of total carotenoids
Sample extraction and determination of total carotenoid content were carried out using UV-vis spectrophotometer as described by Schaub et al., (2004) . The supernatant from extract solution was used for determining total carotenoids content at 450 nm wavelength. The total carotenoids content was expressed as microgram per gram sample (µg/g sample), and it was calculated according to the following formula;
Carotenoid content (µg) = 
HPLC-PDA analysis of carotenoids
The HPLC-PDA analysis was slightly modified, as performed by the method described previously . The stock solutions of lutein and zeaxanthin were prepared in 0.1 mg/mL of ethanol, and the stock solution of -carotene was prepared in hexane of 0.1 mg/mL. The exact concentration of each stock solution was determined by spectrophotometry using absorption coefficient A (1%, 1 cm). After determination of the concentration, the standards were evaporated under nitrogen and solubilized in methanol/MTBE (25/75, v/v) to obtain a final concentration of 5 µg/mL, which was further used for HPLC analysis. Carotenoids were analyzed by reversed phase HPLC using HPLC model LC 20A (Shimadzu, Japan) equipped with a quaternary pump, an online degasser, a column oven controller and a photodiode array detector (PDA). Carotenoids were separated on a reversed-phase C30, 3 µm column (250 × 4.6 mm) coupled to a 20 × 4.6 mm C30 guard column (YMC Co., Kyoto, Japan) using mobile phases consisting of (A) methanol/water (98:2, v/v), (B) methanol/water (95:5, v/v) and (C) tert-methyl butyl ether. The gradient elution used with this column was 80% A, 20% C at 0 min, followed by linear gradient to 60% A, 40% C to 2.00 min at a flow rate of 1.4 mL/min. The 2.01 min flow rate was changed to 1.00 mL/min and the gradient was changed to 60% B, 40% C followed by a linear gradient to 0% B, 100% C by 12 min and was returned to the initial condition by 13.00 min. A re-equilibration (7.00 min) was carried out at the initial concentration of 80% A, 20% C. Column temperature was maintained at 20 °C. The eluting peaks were monitored at a range of 350 to 600 nm using PDA. Quantification was performed using Xcalibur software (version 2.2) by comparing peak area with standard . Five mL of supernatant from extracted sample were dried by nitrogen evaporation and re-dissolved in 1 mL of methanol/MTBE (25/75, v/v) prior to analysis. A final volume of 20 µL was used for injection into HPLC. Peaks were identified by comparing the retention times and UV-Vis spectral data with those of the corresponding standards. Quantity of each analyzed sample was computed from the calibration curve of the corresponding standard. Six-point external standard curves (R 2 =0.998) were constructed for the standard mix. Carotenoid concentrations were then calculated using a linear regression as follows; y = ax + b, Where; y = concentration and x = area of the six-point standard curve. The regression equation and correlation coefficient (R 2 ) were obtained using Microsoft ® Excel 2016.
Color measurement
Color values were determined from five ears in each plot by HunterLab miniscan EZ colorimeter (Mod. MSEZ-4500L, Hunter Associates Laboratory Inc., VA, USA). The color values were averaged from three positions of the ears at the top middle and bottom. The color parameter was expressed in hue (h°). The h° was expressed in degree range from 0° to 360° (0° = red, 90° = yellow, 180° = green and 270° = blue) (Mcguire, 1992) .
Data analysis
Analysis of variance for each location was performed for all parameters under study. Error variances were tested for variance homogeneity and the difference of error variances which was lower than three folds was considered homogenous. The data of parameters with homogenous error variance were combined in combined analysis of variance of two locations and the least significant difference (LSD) test was used to compare means (Gomez and Gomez, 1984) . Pearson correlation test was conducted to determine the correlation between color parameters and carotenoids.
Conclusion
Simple recurrent selection for two cycles could successfully improve total yield, husked ear weight, ear length and ear diameter of orange waxy corn population. The method of simple recurrent selection could be used for improving lutein, zeaxanthin, β-carotene and total carotenoids in this waxy corn population. The responses to selection indicate that further improvement of these traits through simple recurrent selection is possible. This improved population can be used as a source of carotenoids in waxy corn breeding programs for hybrid development or released as an open pollinated variety. As the response to selection was negative and significant and the correlation coefficients between lutein, zeaxanthin, β-carotene and total carotenoids with color parameter (h o ) were also negative and significant, color parameter can be used as an indirect selection method for increasing lutein, zeaxanthin, β-carotene and total carotenoids in waxy corn at both immature stage and dry stage.
